High mobility group box 1 (HMGB1) acts a signaling molecule regulating a wide range of inflammatory responses in extracellular space. HMGB1 also stabilizes nucleosomal structure and facilitates gene transcription. Under pathophysiological conditions, nuclear HMGB1 is immediately transported to the cytoplasm through chromosome region maintenance 1 (CRM1). Recently, we have reported that up-regulation of LIM kinase 2 (LIMK2) expression induces HMGB1 export from neuronal nuclei during status epilepticus (SE)-induced programmed neuronal necrosis in the rat hippocampus. Thus, we investigated whether HMGB1 involves LIMK2-mediated programmed neuronal necrosis, but such role is not reported. In the present study, SE was induced by pilocarpine in rats that were intracerebroventricularly infused with saline, control siRNA, LIMK2 siRNA or leptomycin B (LMB, a CRM1 inhibitor) prior to SE induction. Thereafter, we performed Fluoro-Jade B staining, western blots and immunohistochemical studies. LIMK2 knockdown effectively attenuated SE-induced neuronal death and HMGB1 import into mitochondria accompanied by inhibiting nuclear HMGB1 release and abnormal mitochondrial elongation. LMB alleviated SE-induced neuronal death and nuclear HMGB1 release. However, LMB did not prevent mitochondrial elongation induced by SE, but inhibited the HMGB1 import into mitochondria. The efficacy of LMB was less effective to attenuate SE-induced neuronal death than that of LIMK2 siRNA. These findings indicate that nuclear HMGB1 release and the subsequent mitochondrial import may facilitate and deteriorate programmed necrotic neuronal deaths. The present data suggest that the nuclear HMGB1 release via CRM1 may be a potential therapeutic target for the programmed necrotic neuronal death induced by SE.
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INTRODUCTION
In various neurological diseases, neuronal death simultaneously exhibits the combined features of apoptosis and necrosis (van Lookeren Campagne and Gill, 1996; Unal-Cevik et al., 2004) . Therefore, anti-apoptotic or anti-necrotic agents are not sufficient to prevent neuronal death following various insults. This is because multiple cellular events, including excitotoxicity, mitochondrial dysfunction and oxidative stress are complicated in the process of neuronal death (McNaught and Olanow, 2006; Martinez-Vicente et al., 2008; Zhou et al., 2008) .
High mobility group box 1 (HMGB1), a non-histone DNAbinding protein, stabilizes nucleosomal structure and facilitates gene transcription (Bustin, 1999; Ellwood et al., 2000; Verrijdt et al., 2002) . Under pathophysiological conditions, nuclear HMGB1 is immediately transported to the cytoplasm undergoing necrosis through a nuclear protein exporter, chromosome region maintenance 1 (CRM1; Scaffidi et al., 2002; Faraco et al., 2007) . In extracellular release, HMGB1 acts as a signaling molecule regulating a wide range of inflammatory responses by binding to toll-like receptor 4 (TLR4) and/or receptor for advanced glycan endprotducts (RAGE; Wang et al., 1999; Abraham et al., 2000; Scaffidi et al., 2002; Bonaldi et al., 2003; Ditsworth et al., 2007; Maroso et al., 2010) . Interestingly, HMGB1 induces a cell death, which is distinct from apoptosis and autophagy, possibly via a specialized necrotic mechanism accompanied by giant mitochondrial formation (Gdynia et al., 2010) . Although nuclear HMGB1 release is an indicative for necrotic process and induces inflammatory responses via extracellular events, the role of its release in neuronal death is still unknown.
Recently, we have reported that LIM Kinase 2 (LIMK2, one of F-actin regulators) is involved in programmed necrotic neuronal death induced by status epilepticus (SE, prolonged seizure activity; Kim et al., 2014; Ko et al., 2015) . Briefly, SE-induced endothelin-1 expression/release elevates LIMK2 expression independent of caspases and receptor interaction protein 1 (RIP1), which subsequently impairs dynaminrelated protein-1 (DRP1)-mediated mitochondrial dynamics, and finally leads to programmed necrosis. Indeed, LIMK2 knockdown and rescue of DRP1 function protected neurons from SE insults. During this process, HMGB1 is released from nuclei undergoing LIMK2-mediated programmed neuronal necrosis, which is inhibited by LIMK2 knockdown (Kim et al., 2014) . These findings indicate that HMGB1 may involve programmed neuronal necrosis induced by SE, but such role is not reported. Therefore, we investigated whether HMGB1 involves LIMK2-mediated programmed neuronal necrosis. In the present study, SE resulted in the nuclear HMGB1 release in CA1 neurons. LIMK2 knockdown effectively attenuated SE-induced neuronal death accompanied by inhibiting nuclear HMGB1 release and abnormal mitochondrial elongation. Furthermore, LIMK2 knockdown ameliorated HMGB1 import into mitochondria following SE. In contrast to LIMK2 knockdown, leptomycin B (LMB), a CRM1 inhibitor, did not prevent SE-induced mitochondrial elongation, but alleviated neuronal death, nuclear HMGB1 release and transport of HMGB1 into mitochondria. These findings indicate that nuclear HMGB1 release and the subsequent mitochondrial transport may facilitate or deteriorate programmed necrotic neuronal deaths. Therefore, we suggest that nuclear HMGB1 export may be one of potential therapeutic strategies for LIMK2-mediated programmed necrotic neuronal death.
MATERIALS AND METHODS

Experimental Animals and Chemicals
We used male Sprague-Dawley (SD) rats (7 week old) obtained from Daehan biolink (South Korea). Animals were housed four per cage in a room maintained under 22 ± 2 • C, 55 ± 5% and a 12:12 light/dark cycle conditions, and were allowed free access to food and water. All experiments were approved by the Institutional Animal Care and Use Committee of the Hallym University (Chunchon, Republic of Korea). All reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise noted.
Surgery, Drug Infusion and LIMK2 Knockdown
Rats were anesthetized with 1-2% Isoflurane in O 2 and placed in a stereotaxic frame. A brain infusion kit 1 (Alzet, CA, USA) was implanted into the right lateral ventricle (1 mm posterior; 1.5 mm lateral; 3.5 mm depth) and connected to an osmotic pump (1007D, Alzet, CA, USA) containing: (1) control siRNA; (2) LIMK2 siRNA; (3) vehicle; and (4) LMB (30 ng/µl; Kim et al., 2014; Ko et al., 2015) . The LIMK2 siRNA sequence (5 →3 ) was as followed: sense, GCACCUUACGCAAGAGUGAUU; antisense, UCACUCUUGCGUAAGGUGCUU. A non silencing RNA was used as the control siRNA. In pilot study and our previous studies (Kim et al., 2014; Ko et al., 2015) , siRNA or LMB infusion did not affect seizure threshold, seizure activity and BBB integrity. The pump was subcutaneously placed subcutaneously in the interscapular region. Three days after surgery, animals were used for SE induction.
Seizure Induction
Twenty min before SE induction, animals were injected with methylscopolamine (5 mg/kg, i.p.) followed by pilocarpine (380 mg/kg, i.p.). Two hours after onset of SE, seizure activity was controlled by diazepam (10 mg/kg, i.p.). At designated time courses, animals were used for Immunohistochemistry and western blot. As controls, age-matched normal rats were treated with saline instead of pilocarpine.
Tissue Processing
Tissue process was performed as described in our previous studies (Kim et al., 2014; Ko et al., 2015) . Briefly, animals were perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) under urethane anesthesia (1.5 g/kg, I.P.). Brains were removed, postfixed, cryoprotected and sectioned at 30 µm with a cryostat at 30 µm. For western blot, tissues were homogenized and the protein concentration in the supernatant was determined using a Micro BCA Protein Assay Kit (Pierce Chemical, Rockford, IL, USA).
Immunohistochemistry
Free-floating coronal sections were incubated in a mixture of primary antisera ( 
Fluoro-Jade B Staining
The sections mounted on gelatin-coated slides were immersed in a solution containing 1% sodium hydroxide in 80% ethanol for 5 min and then, 70% ethanol for 2 min and distilled water for 2 min. The slides were then incubated in a solution of potassium permanganate for 15 min and subsequently in 0.001% FJB (Histo-Chem Inc. Jefferson, AR, USA). After staining, the slides were rinsed, dehydrated and mounted DPX. Two different investigators performed cell counts with optical dissector methods (Kim et al., 2014; Ko et al., 2015) .
TUNEL Staining
TUNEL staining was performed with the TUNEL apoptosis detection kit (Merck Millipore, Bedford, MA, USA) according to the manufacturer's instructions. Following TUNEL reaction, immunofluorescence staining for mitochondrial marker was performed. For nuclei counterstaining, we used Vectashield mounting medium with DAPI (Vector).
Western Blot
Aliquots were loaded into a polyacrylamide gel. After electrophoresis, gels were transferred to nitrocellulose transfer membranes. Membranes were incubated with primary antibody (Table 1) , and visualized by an ECL Kit (Amersham). Intensity measurements were represented as the mean gray-scale value on a 256 gray-level scale. All results were normalized against β-Actin (1:2000; Sigma).
Data Analysis
One-way ANOVA was applied to determine statistical significance. Bonferroni's test was used for post hoc comparisons. A p-value below 0.05 was considered statistically significant.
RESULTS
SE Rapidly Increases LIMK2 Expression in CA1 Neurons Vulnerable to SE
Consistent with our previous report (Kim et al., 2014) , LIMK2 expression in the hippocampus was increased to 1.99-fold of non-SE level 3 days after SE (p < 0.05 vs. non-SE animals, Figures 1A,B) . LIMK2 siRNA effectively inhibited SE-mediated LIMK2 induction in the hippocampus (p < 0.05 vs. control siRNA, Figures 1A,B) . Immunohistochemical study revealed that LIMK2 expression was increased to 2.37-fold of non-SE level in the CA1 pyramidal cells 3 days after SE (p < 0.05 vs. non-SE animals, Figures 1C,D) , while intensity of NeuN expression was reduced 0.35-fold of non-SE level in this region (p < 0.05 vs. non-SE animals, Figures 1C,D) . LIMK2 siRNA infusion attenuated up-regulation of LIMK2 induction and decrease in NeuN expression induced by SE (p < 0.05 vs. control siRNA, Figures 1C,D) . LMB infusion did not affect LIMK2 expression in CA1 pyramidal cells 3 days after SE (data not shown). These findings indicate that up-regulation of LIMK2 expression may play an important role in the SEinduced CA1 neuronal death, and nuclear HMGB1 release may not be involved in up-regulation of LIMK2 expression induced by SE.
LIMK2 siRNA and LMB Inhibit Nuclear HMGB1 Release Induced by SE
Since translocation of HMGB1 from the nucleus to the cytoplasm indicates the necrotic degeneration of various cells (Scaffidi et al., 2002; Faraco et al., 2007; Kim et al., 2014) , we investigated whether LIMK2 knockdown or LMB affects SE-induced nuclear HMGB1 export induced by SE. In non-SE animals, HMGB1 expression was restricted to nuclei in CA1 neurons, and the fraction of HMGB1 positive neurons in total CA1 neurons was 94% (Figures 2A,B) . Three days after SE, the number of total CA1 neurons was decreased to 36% of non-SE animals, and the fraction of HMGB1 positive neurons in total CA1 neurons was also reduced to 12% (p < 0.05 vs. non-SE animals, Figures 2A,B) . Both LIMK2 siRNA and LMB effectively attenuated nuclear HMGB1 release and neuronal death induced by SE (p < 0.05 vs. control siRNA and vehicle, respectively, Figures 2A,B) , but LIMK2 siRNA was more effective than LMB (p < 0.05, Figures 2A,B) . These findings indicate that nuclear HMGB1 export may be involved in SE-induced neuronal death.
Inhibition of Nuclear HMGB1 Release Attenuates SE-Induced Programmed Neuronal Necrosis
Next, we directly confirmed the effects of LIMK2 knockdown and LMB on SE-induced neuronal death. Fluoro-Jade B (FJB) FIGURE 2 | Effect of LIMK2 knockdown and LMB on SE-induced nuclear high mobility group box 1 (HMGB1) release at 3 days after SE. (A) Representative photographs of HMGB1 and NeuN in CA1 neurons. Following SE, nuclear HMGB1 expression is reduced in CA1 neurons. Both LIMK2 siRNA and LMB attenuate SE-induced nuclear HMGB1 release and loss of NeuN expression in CA1 neurons, as compared to control siRNA and vehicle, respectively. The effect of LINK2 siRNA is higher than that of LMB. Scale bar = 25 µm. (B) Quantitative values (mean ± SEM) of the fraction of HMGB1 neurons in total CA1 neurons (n = 7, respectively). * p < 0.05 vs. non-SE; # p < 0.05 vs. control siRNA or vehicle, respectively.
staining showed a prominent loss of neurons in the CA1 region of the hippocampus 3 days after SE (p < 0.05 vs. non-SE animals, Figures 3A,B) . Consistent with reduction in NeuN expression, LIMK2 siRNA effectively reduced the number of FJB positive neurons induced by SE (p < 0.05 vs. control siRNA, Figures 3A,B) . LMB also attenuated SE-induced neuronal death, but its efficacy was lower than that of LIMK2 siRNA (p < 0.05 vs. vehicle and LIMK2 siRNA, respectively, Figures 3A,B) . The present data suggest that nuclear HMGB1 release may exacerbate neuronal death induced by SE. 
Nuclear HMGB1 Release Does not Affect Mitochondrial Elongation Induced by SE
DRP1 is a soluble cytosolic protein that regulates mitochondrial fission. Interestingly, DRP1-S616 phosphorylation accelerates mitochondrial fission, while DRP1-S637 inhibits it. In addition, the dysfunction of mitochondrial dynamics induces necrosis (Kashatus et al., 2011; DuBoff et al., 2012; Wang et al., 2012) . Since LIMK2 inhibits mitochondrial fission during SE-induced programmed necrotic cell death (Kim et al., 2014; Ko et al., 2015) , we investigated whether HMGB1 translocation is relevant to dysfunction of mitochondrial dynamics. SE decreased DRP1 expression, DRP1 S616 phosphorylation and DRP1 S616/S637 phosphorylation ratio (p < 0.05 vs. non-SE animals, Figure 4 ). LIMK2 siRNA effectively attenuated the reductions in DRP1 expression, DRP1 S616 phosphorylation and DRP1 S616/S637 phosphorylation ratio (p < 0.05 vs. control siRNA, Figure 4) . However, LMB did not affect DRP1 expression, DRP1 S616 phosphorylation and DRP1 S616/S637 phosphorylation ratio induced by SE (p < 0.05 vs. vehicle, Figure 4 ). These findings indicate that nuclear HMGB1 export may not result in dysfunction of mitochondrial fission induced by SE.
Mitochondrial HMGB1 Translocation Aggravates SE-Induced Neuronal Death
To confirm the role of mitochondrial elongation in SE-induced neuronal death, we performed double immunofluorescent study for mitochondrial marker and TUNEL. Following SE, mitochondrial elongation was predominantly observed in TUNEL-positive CA1 neurons ( Figure 5A ). These findings indicate that mitochondrial elongation may play an important role in programmed neuronal necrosis induced by SE. In addition, SE increased mitochondrial length and sphere formation in CA1 neurons accompanied by nuclear HMGB1 export. LIMK2 siRNA effectively abolished mitochondrial elongation and HMGB1 translocation into cytoplasm induced by SE. LMB also significantly inhibited HMGB1 export, but did not prevent mitochondrial elongation ( Figure 5B) . Confocal microscopic analysis also revealed FIGURE 5 | Mitochondrial elongation in degenerating neurons and the effect of LMIK2 siRNA and LMB on nuclear HMGB1 export at 3 days after SE. (A) Representative photographs of mitochondrial elongation in TUNEL positive CA1 neurons. Scale bar = 25 µm. (B) Representative photographs of HMGB1 and mitochondria in CA1 neurons. SE increases nuclear HMGB1 export and mitochondrial length. LIMK2 siRNA alleviates mitochondrial elongation and nuclear HMGB1 export following SE. LMB attenuates nuclear HMGB1 export, but not mitochondrial elongation induced by SE. Scale bar = 6.25 µm.
the SE induced mitochondrial elongation and HMGB1 imports into mitochondria (p < 0.05 vs. non-SE animals, Figures 6A-C) . LIMK2 siRNA effectively attenuated mitochondrial elongation and HMGB1 translocation into mitochondria induced by SE (p < 0.05 vs. control siRNA, Figures 6A-C) . LMB did not prevent mitochondrial elongation (Figures 6A-C) , but significantly inhibited mitochondrial HMGB1 translocation (p < 0.05 vs. control siRNA, Figures 6A-C) . Taken together, our findings indicate that nuclear HMGB1 export and the subsequent mitochondrial translocation may facilitate and exacerbate programmed neuronal necrosis induced by SE.
DISCUSSION
Recently, we have reported that LIMK2 induces a novel form of programmed neuronal necrosis that is characterized by the dysfunction of mitochondrial fission and nuclear HMGB1 release (Kim et al., 2014) . This SE-induced programmed necrosis is independent of RIP1, since necrostatin-1 (a RIP1 inhibitor) cannot attenuate LIMK2-mediated neuronal death. Furthermore, LIMK2 knockdown alleviates SE-induced neuronal death accompanied by inhibition of nuclear HMGB1 release (Kim et al., 2014) . Consistent with our previous report, the present data demonstrate that SE increased mitochondrial length and sphere formation in CA1 neurons accompanied by decrease in DRP1 S616/S637 phosphorylation ratio. LIMK2
siRNA also effectively abolished SE-induced mitochondrial elongation and sphere formation and attenuated the reduction in DRP1 S616/S637 phosphorylation ratio. Some previous studies reported that this aberrant mitochondrial fission plays an important roles in neuronal degeneration, since elongated mitochondria disrupt their translocations to dendrites or axons, and in turn suppress ATP supply in peripheral sites (Li et al., 2004; Verstreken et al., 2005) . Elongated mitochondria also show the impaired respiratory function that leads to excessive reactive oxygen species production and a decrease in ATP synthesis (Parone et al., 2008; Kashatus et al., 2011; Kageyama et al., 2012) . Indeed, the present study demonstrates that mitochondrial elongation was predominantly detected in TUNEL positive neurons. Furthermore, DRP1 over-expression increases neuronal viability by activation of mitochondrial fission following DNA damage , and the rescue of dysfunction of mitochondrial fission effectively prevents nuclear HMGB1 release induced by SE (Kim et al., 2014) . Therefore, it is likely that impaired mitochondrial fission induced by LIMK2 may provoke neuronal necrosis, which in turn can induce nuclear HMGB1 release following SE. Traditionally, HMGB1 is released from damaged or dying cells during necrosis into the extracellular space (Qiu et al., 2008) , subsequently it evokes potentially inflammatory responses via RAGE or TLR4 (Abraham et al., 2000; Andersson et al., 2000; Scaffidi et al., 2002; Park et al., 2004; Kim et al., 2006; Maroso et al., 2010) . Consistent with our recent study (Kim et al., 2014) , the present data show that SE increased LIMK2 expression in CA1 neurons accompanied by nuclear HMGB1 release. Furthermore, LMB effectively attenuated nuclear HMGB1 release and neuronal death induced by SE, although it could not prevent SE-induced LIMK2 induction. These findings indicate that nuclear HMGB1 release may not be only an indicative for neuronal necrosis representing nonspecific leakage from damaged nucleus or neuroinflammation, but also may participate in SE-induced programmed necrotic neuronal death.
What is the role of nuclear HMGB1 export in SEinduced programmed necrotic neuronal death? Ito et al. (2014) reported that HMGB1 rescues the impairment of mitochondrial function. In endothelial cells, the translocation of endogenous HMGB1 from the nucleus to the mitochondria involves mitochondrial reorganization (Stumbo et al., 2008) . In cancer cells, exogenous HMGB1 enters the mitochondria, which is followed by the formation of giant mitochondria independently of HMGB1 receptors such as TLR4 or RAGE (Gdynia et al., 2010) . Therefore, it is likely that the nuclear HMGB1 export would be involved in aberrant mitochondrial fission or the compensatory responses for the maintenance of mitochondrial functions. However, the present study demonstrates that LMB-mediated inhibition of nuclear HMGB1 export could not affect mitochondrial elongation, sphere formation and the reduction in DRP1 S616/S637 phosphorylation ratio. Hence, these findings suggest that at least in neurons nuclear HMGB1 export may not be involved in mitochondrial dynamics. Conversely, the present study shows that LMB attenuated SE-induced neuronal death accompanied by abolishing the mitochondrial HMGB1 import, although it could not inhibit mitochondrial elongation following SE. These findings suggest that the translocation of HMGB1 into elongated mitochondria may aggravate or facilitate SE-induced neuronal death, although the present data could not provide the exact biological meaning of mitochondrial HMGB1 import for SE-induced neuronal death. To elucidate the role of mitochondrial HMGB1 import in SE-induced neuronal death, further studies are needed.
On the other hand, some investigators reported that Mdivi-1, a selective inhibitor of DRP1, attenuates oxidative stress and reduces neuronal loss after pilocarpine-induced SE (Qiu et al., 2013; Xie et al., 2013) . Since any differences in seizure severity or susceptibility will result in the distinct consequences on seizureinduced neuronal death, these discrepancies are resulted from the distinct methodology inducing SE. In the present study, we applied 2 h-lasting SE induction, while other investigators used 1 h-lasting SE method (Qiu et al., 2013; Xie et al., 2013 ). In our model, indeed, Mdivi-1 (5 and 50 µM) treatment significantly increases SE-induced mitochondrial elongation and the number of dying neurons (Kim et al., 2014) . Taken together, our findings indicate that the duration and severity of seizure activity may distinctly influence mitochondrial fragmentation or elongation.
In conclusion, our findings demonstrate that inhibition of nuclear HMGB1 release attenuated SE-induced necrotic neuronal death, although it could not ameliorate disruption of mitochondrial fission. These findings provide a novel role of HMGB1 in LIMK2-mediated programmed neuronal necrosis. Therefore, the present data suggest that the nuclear HMGB1 release via CRM1 may be a potential therapeutic target for the programmed necrotic neuronal death induced by SE.
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